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ABSTRACT
THE INDEPENDENT EFFECTS OF GRAVITATIONAL AND INERTIAL FORCES
ON GAIT TRANSITIONS IN HUMANS
Nathan G. Frakes

The Dynamic Similarity hypothesis suggests gravitational and inertial forces plays
a role in determining preferred transition speed (PTS) for walk to run transitions (WRT)
and run to walk transitions (RWT), and that humans prefer to transition gait when the
ratio of inertial force (IF) to gravitational force (GF) (i.e. Froude #) is ~0.5. Purpose: To
investigate the effect of gravitational and inertial forces on PTS, Froude # (Fr) and
kinematics for both WRT and RWT. Methods: Twelve healthy adults (9 M, 3 F)
performed WRT and RWT trials on a treadmill across seven combinations of altered
body weight (BW) and body mass (BM). Participants performed PTS at 1.0BM/1.0BW,
0.70 and 0.85 BW/1.0 BM (-GF), 1.15 and 1.30 BM/1.0 BW (+IF), and 1.15 and 1.30 of
both BW and BM (+GF+IF). For each condition, we determined PTS by increasing speed
(WRT) or decreasing speed (RWT) by 0.09 m/s every 30 seconds. Results: Neither +IF
or +GF+IF affected WRT speed (p>.05). +GF+IF did not affect the Fr at WRT (p=.135).
For RWT, PTS did not change due to -GF (p=.263), +IF (p=.658) or +GF+IF (p=.202).
Yet, -GF and +IF increased RWT Fr (p<.001). +GF+IF did not affect the Fr of RWT
(p=.426). Conclusion: WRT speed and Fr are influenced by changes in gravitational
forces but are unaffected by changes in inertial forces or changes in both gravitational
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and inertial forces. The relation between gravitational and inertial forces did not appear to
influence RWT speed but did affect the RWT Fr.
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INTRODUCTION

Humans have two main forms of locomotion that is shared with most terrestrial
animals (Heglund et al., 1982). The forms of locomotion are walking and running, which
generally are used at lower and higher velocities respectively (MacLeod et al., 2014).
Walking is a form a locomotion in which one foot is always in contact with the ground at
all times (Cavagna et al., 1963; Farley & Ferris, 1998). Walking can be characterized
using an inverse-pendulum mechanical model (Farley & Ferris, 1998), in which the
translational kinetic energy and the gravitational potential energy of the center of mass
(COM) is 180 degrees out of phase with one another throughout a stride (Cavagna et al.,
1963; Farley & Ferris, 1998). This allows for the body to conserve up to 60 - 70% of its
energy while moving at certain speeds (Cavagna et al., 1963; Farley & Ferris, 1998). This
conservation of mechanical energy is greatly reduced at very high and very low walking
speeds (Cavagna et al., 1963).
The other form of locomotion that humans commonly utilize is running. Running
is typically characterized using a spring-mass model in which the legs behave like
compression springs during the stance phase of the gait cycle (Cavagna et al., 1964;
Farley & Ferris, 1998). Unlike walking, the gravitational potential and kinetic energy of
the COM increases and decreases in phase during running, resulting in little exchange
between these forms of energy (Cavagna et al., 1964; Farley & Ferris, 1998). Instead,
during running energy is conserved through the storage of elastic potential energy in the
muscles and tendons of the legs (Cavagna et al., 1964).
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Gait transitions refers to the changing from one mode of locomotion to another
(Alexander, 1989a) such as walk to run, walk to skip, or run to walk transitions. Nearly
all land animals have some form of gait transition (Alexander, 1989a). Humans and other
bipedal animals typically use two forms of gait transition, walk-to-run (WRT) and run-towalk (RWT) (Alexander, 1989a; Farley & Taylor, 1991). As walking typically happens at
lower speeds and running at higher, a WRT occurs with increasing speed and RWT
happens with decreasing speed (Kung et al., 2018). There are several theories about what
variable causes humans to shift from one gait to another, especially as the preferred
transition speed (PTS) has been reported to occur typically between 1.8 m/s to 2.2 m/s
(Brisswalter & Mottet, 1996; Diedrich & Warren, 1995; Hreljac, 1993a, 1993b, 1995;
Kram et al., 1997; Minetti et al., 1994; Prilutsky & Gregor, 2001; Raynor et al., 2002;
Thorstensson & Roberthson, 1987). The WRT and the RWT may even be triggered by
different variables (Prilutsky & Gregor, 2001). The potential triggers of gait transitions in
humans could be metabolic (Cavagna & Kaneko, 1977; Minetti et al., 1994), kinetic
(Hreljac, 1993a) and/or kinematic in nature.(Farley & Taylor, 1991; Hreljac, 1993b;
Prilutsky & Gregor, 2001). Gait transitions are closely related to difference in metabolic
cost (Alexander, 1989b; Ganley et al., 2011), though it is currently debated as to whether
there is an actual metabolic trigger of the transition (Mercier et al., 1994; Minetti et al.,
1994; Raynor et al., 2002). Although humans tend to transition to a run at a speed in
which it still was metabolically more efficient to walk (Brisswalter & Mottet, 1996;
Ganley et al., 2011; Minetti et al., 1994; Usherwood & Bertram, 2003), the metabolic
costs of running at speeds faster than the natural walk to run transition speed are typically
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lower than the cost of walking at those same speeds. These finding suggest that factors
other than metabolic cost may trigger the transition from one gait to another.
Speed, body size, and gravity all affect the way humans and other terrestrial animals
walk and run. The interaction of these variables on human and animal gait and their
relation to gait transition is known as the dynamic similarity hypothesis. In accordance to
the concept of dynamic similarity, humans will walk with dynamically similar mechanics
at equivalent ratios of centripetal (inertial) and gravitational forces (Alexander & Jayes,
1983). This has been shown in prior studies using the Froude Number (Fr), a
dimensionless speed that is the ratio between centripetal force (Fc = m*v2/ l, where v is
velocity, m is mass and l is leg length) and gravitational forces (Fg = m*g, where g is the
acceleration of gravity) (Alexander 1977, 1979). Thus, the Froude number can be
expressed by the equation…
𝐹𝑟 =

𝑚𝑣 2
𝑚𝑔𝑙

= 𝑣 2 /𝑔𝑙

(1)
and can predict the maximum walking speed of an individual, as the instance that the
required FC of the body exceeds Fg (i.e. a Fr >1.0), walking would be impossible because
the body will leave the ground, which defines running.
While the maximum theoretical walking speed occurs at a Fr of 1.0, the PTS actually
occurs at a Fr of ~0.5 (Alexander, 1977, 1989a; Gatesy & Biewener, 1991; Ivanenko et
al., 2011; Kram et al., 1997). Prior literature has explored the relation of the Fr to the
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PTS by utilizing apparatuses to simulate reduced gravity conditions (Ivanenko et al.,
2011; Kram et al., 1997). It was reported that to the PTS occurred at slower speeds as the
gravitational forced was reduced, but the Fr remained ~0.5 down to 0.4 earth’s gravity
(Kram et al., 1997). Below 0.4 simulated reduced gravity, the Fr increases (Kram et al.,
1997). This could mean that while dynamic similarity influences the PTS of gait
transitions, there are likely other mechanical determinants that trigger gait transition.
The forces applied to the body and muscles are also another potential trigger for gait
transitions (Farley & Taylor, 1991). Farley and Taylor (1991) reported that horses
transition from a walk once a critical value of peak vertical ground reaction force (GRF)
is met. In contrast, Hreljac (1993b) reported that in the WRT of humans, the vertical GRF
does not occur at a singular critical value at the point of transition. Instead, the peak GRF
during the propulsion phase of walking decreases at speeds approaching the PTS, but the
vertical and braking GRF increases after the transition (Hreljac, 1993b). Neptune &
Sasaki (2005) further reported that the force production of the plantarflexion muscles of
the ankle becomes impaired near the PTS, leading to decreased propulsive GRF seen in
the same study.
Because GRF is directly related to the movement of the body (kinematics) during
walking and running, it seems plausible that there could be a kinematic trigger of gait
transition caused by a mechanical limitation of kinematics nearing the PTS that can be
overcome by switching to a different gait. For a particular kinematic variable to be
considered a determinant for the WRT, it would have to meet four criteria (Hreljac, 1995;

5

Kung et al., 2018; MacLeod et al., 2014). The variable should increase as walking speed
increases (i.e., in the WRT) or decrease running speed decreases (i.e., in the RWT), and
then abruptly change after the transition occurs (Criterion 1). The values of the same
variable should return to levels seen at a previously slower (WRT) or faster speeds
(RWT) (Criterion 2). At the transition, the values of the variable must occur at a critical
value no matter the condition (Criterion 3). The variable must be able to react to
proprioceptive feedback (Criterion 4) (Hreljac, 1995; Kung et al., 2018; MacLeod et al.,
2014). It is assumed that all walking and running kinematics of walking and running meet
Criterion 4 due to their anatomical structures (Hreljac, 1995).
Hreljac (1995) and MacLeod et al. (2014) examined a variety of kinematic
variables as potential determinants of the walk to run gait transition. The only variable
identified as a kinematic determinant was peak angular dorsiflexion velocity (dorsi-peak)
(Hreljac, 1995; MacLeod et al., 2014), though peak angular dorsiflexion acceleration
(αdorsi-peak) almost met all criteria (Hreljac, 1995). In both studies, the angular velocity of
the ankle increased in value as walking speed increased and reduced after switching to a
run (Hreljac, 1995; MacLeod et al., 2014). Though the WRT occurred at different speeds
while moving uphill (Hreljac, 1995), and with mass added to the feet (MacLeod et al.,
2014), the angular velocity of the ankle at PTS occurred at the same critical value.
Despite the likelihood that dorsi-peak is a determinant of WRT speed, it remains unclear
whether this kinematic variable or others plays a role in RWT gait transition.
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In this study, we investigated the effect of gravitational and inertial forces on PTS
and Fr for both WRT and RWT. We hypothesized that: 1) decreased gravitational forces
(-GF) would decrease PTS and the Fr will occur at ~0.5; 2) increased inertial forces (+IF)
will decrease the PTS and Fr will occur at ~0.5; and 3) simultaneous increases in
gravitational and inertial forces (+GF+IF) would not affect the PTS or Fr. We also tested
the experimental hypotheses that peak hip extension angle, and peak angular dorsiflexion
acceleration will meet all the gait transition criteria for both the WRT and the RWT in all
the conditions tested.
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METHODS
Participants
Twelve healthy adults, (9 male and 3 female, age 23.5±2.35 years; mass
78.2±9.89 kg; average leg length; means ± S.D.), volunteered to participate in the
experiment. All participants were physically active (run minimum of 30 minutes twice a
week for at least six months prior to study) and with no known orthopedic,
neuromuscular, metabolic, and/or cardiovascular diseases. All participants gave written
informed consent prior to participation of the study. The Humboldt State University
Institutional Review Board approved this protocol prior to any subject participation.
Participants performed the PTS on a motorized treadmill (Trackmaster TMX425C, Full
Vision Inc., Newton, KS) at across seven combinations of altered body weight (BW) and
body mass (BM). Participants performed the PTS at 1.0BM/1.0BW, 0.70 and 0.85 BW
/1.0 BM (-GF), 1.15 and 1.30 BM / 1.0 BW (+IF), and 1.15 and 1.30 of both BW and BM
(+GF+IF).
Experimental Design
Our experimental design allowed us to determine the combined and individual
effects of gravitational and inertial forces on the PTS for the WRT and the RWT
separately. We kept body mass constant while varying body weight to simulate reduced
gravitational conditions (-GF). To simulate reduced gravity, we applied an upward force
on the body. This procedure reduced the amount of gravitational force that was supported
by the legs. Then we kept the body weight constant while varying total mass using
combinations of simulated reduced gravity and mass loading to simulate increased
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centripetal inertial forces (+IF). Finally, we varied both weight and body mass by loading
the participants to simulate increased gravitational and inertial forces (+GF/+IF).
Subjects participated in three sessions, one familiarization session and two data
collection sessions. To become familiarized with varying conditions of reduced gravity
and inertial force, participants practiced walking and running in a reduced-gravity
simulator and with weights. Participants practiced walking and running for 5 minutes at
each experimental condition with 5-minute minimum rest between trials. The entire
familiarization process lasted approximately 40 min and took place within 7 days prior
the first experimental session.
During the experimental sessions, the preferred transition speed for the walk to
run and run to walk transitions was determined on a motorized treadmill across seven
conditions of altered body weight (BW) and body mass (BM) including: 1.0 BM / 1.0
BW; 0.70 and 0.85 BW / 1.0 BM (-GF); 1.15 and 1.30 BM / 1.0 BW (+IF); 1.15 and 1.30
of both BW and BM (+GF+IF) using previously established methods (Grabowski et al.,
2005). For each condition, we determined PTS (m/s) by increasing speed (from 1.34 m/s
for WRT) or decreasing speed (from 2.68 m/s for RWT) by 0.09 m/s every 30 sec until a
gait transition was achieved. Data collection of the WRT and RWT trials occurred in
separate experimental sessions separated by a minimum of three days to prevent the
effect of fatigue from impacting the results of the study.
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Reduced Gravitation Force
To simulate reduced gravitational forces (-GF) and reduced body weight, we
applied a constant upward force to the participant’s torso near the center of mass utilizing
a modified rock-climbing harness. The harness was supported by four straps attached to a
light aluminum frame above the participant’s head. This kept the straps away from the
participant’s head and did not hinder the individual’s ability to lean when running. A
cable led from the frame over a series of pulleys mounted on an overhead rolling trolley.
The rolling trolley ensured that only vertical forces were applied to the participant.
Participants were instructed to run near the center of the treadmill and to try to maintain
their position on the treadmill to maintain a constant velocity. The upward lifting force in
the cable was provided by a spring made of rubber tubing. We altered the gravitational
force experienced by the participants by changing the length of rubber tubing with a hand
winch, simulating different body weights. A force transducer (OMEGA, Egham, Surrey,
United Kingdom) was used to indicate how much force was removed from the
participants.
Increased Inertial Force
To simulate increased body mass and inertial forces, we loaded participants with
weights evenly distributed around the torso near the whole-body center of mass. The
weight was firmly secured to minimize movement on the participant. This placement
minimized load movement relative to the center of mass, allowed an upright posture, and
did not interfere with arm swing.
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Data Processing
We determined peak joint velocity and acceleration kinematics using a ninecamera motion capture (200 fields/s, Vicon, Centennial, CO) for twenty seconds during
every speed of each experimental condition. The marker set used for this study was based
on a modified calibrated anatomical systems technique (CAST) using a six degree of
freedom (DOF) model. Passive reflective markers (14 mm) were placed on the posterior–
superior iliac spines, anterior–superior iliac spines, lateral femoral epicondyles, lateral
malleoli, calcanei, distal and proximal second metatarsal heads, and distal 5th metatarsal
heads. Additional tracking cluster markers were placed on the thighs and shanks to aid in
3-D motion tracking. Anatomical calibration markers were also placed on the medial
knee and medial malleoli to more accurately determine joint motion. Calibration markers
were removed after collecting static and dynamic calibration trials and prior to the
experimental trials.
Motion capture marker data was processed in Vicon Nexus (ver. 2.8, Vicon,
Centennial, CO) in order to identify anatomical and tracking markers. Kinematic
parameters were then quantified using Visual 3-D (C-Motion, Germantown, MD) after
marker data was filtered using a fourth order low-pass zero-lag Butterworth filter with a
cut-off frequency of 10 Hz. Hip and ankle joint kinematic data were time normalized to
100% of the gait cycle and then averaged across nine strides. For each stride, we
calculated joint kinematic variables including the vertical peak hip angle (hip-peak), peak
ankle velocity (dorsi-peak) and peak ankle dorsiflexion acceleration (dorsi-peak).

11

We evaluated three of the four key criteria used to identify if a variable is a
determinant of the PTS including an abrupt change in the value of a variable before and
after gait transition (Criterion 1), a return of the variable to values seen at initial speeds in
the previous gait (i.e., at slower walking speeds for WRT or higher speeds for RWT)
(Criterion 2), and 3) the variable reaches a shared critical value just prior to the PTS for
all conditions (Criterion 3) (Hreljac, 1995). We assumed that all kinematic variables met
the fourth criteria of “needing to act on proprioceptive feedback”
Statistical Analyses
We performed three single factor repeated measures ANOVA statistical analyses
using SPSS: one test for reduced gravitational force, one for increased inertial force, and
one for increased gravitational and inertial force. Statistical comparisons were made on
the raw data for the PTS and the calculated Fr for the WRT and the RWT (p < .05).
We performed repeated-measures MANOVAs to assess the effects of gravitation
force, inertial force and combined forces on determinants of the PTS. We then conducted
planned contrasts between speeds of each condition to determine if the variable
increases/decreases between speeds and then changed abruptly from before to after
transition (Criterion 1). We also used planned contrast to determine if the variable
returned to a level observed at a previously slower (WRT) or faster speed (RTW)
(Criterion 2). We compared the value of each variable just before transition between all
conditions to determine if the transition happened at a similar critical value (Criterion 3).
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An effect size (ES) of <.1 was used to identify a “negligible” difference and thus similar
critical value between conditions (Hreljac, 1995).
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RESULTS
Preferred Transition Speed and Froude Number
At lower levels of gravitational force, the PTS of the WRT (Table 3) occurred at
lower absolute speeds (p =.02; Fig. 3A). At 0.70 BW, the PTS was 93% (1.83 m/s) that of
the control (1.97 m/s). Neither higher levels of inertial force (p =.156) or higher levels of
gravitational and inertial forces (p =.149) affected the PTS of the WRT (Table 3) (Fig.
3B). The lower levels of gravitational force increased the Fr (p =.01; Fig. 3C). At 0.70
BW, the PTS Fr was 120% (Fr=.53) of the control (Fr=.44). Increased inertial forces also
increased the WRT Fr (p <.001). At 1.30 BM, the Fr was 132% (Fr=.58) of the control
(Fr=.44). However, increased gravitational and inertial forces together did not have an
effect on the WRT Fr (p=.135; Fig. 3D).
There was no change in the PTS for the RWT (Table 3) due to reduced gravity (p
=.263; Fig. 4A), higher inertial force (p =.658; Fig. 4B) or increased gravitational and
inertial forces (p =.202; Fig. 4B). Yet, lower gravitational forces increased the RWT Fr
(p <.001; Fig. 4C). At 0.70 BW, RWT Fr was 131% (Fr=.55) of the control (Fr=.42).
Increased inertial forces also increased the RWT Fr (p <.001; Fig. 4D). At 1.30 BM, the
RWT Fr was 140% (Fr=.59) of the control. Increased gravitational and inertial forces did
not affect the Fr of the RWT (p =.426).
Kinematic Determinates
For a kinematic variable to be considered a potential determinate for gait
transition for both WRT and RWT, it would have to meet four different criteria (Hreljac,
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1995). This study tested for only three of the four criteria, as the third criteria (that
kinematic determinants are triggered by proprioceptive feedback) are not able to be tested
in this study. Thus, the variables chosen are assumed to have already met the third
criteria. In the present study, several kinematic variables have been identified as potential
determinates of gait transitions based on these criteria including peak angular
dorsiflexion acceleration (αdorsi-peak), peak hip extension angle (θhip-peak) and peak angular
dorsiflexion velocity (ωdorsi-peak)(Hreljac, 1995; Nilsson et al., 1985; Alf Thorstensson,
1986; Winter, 1983, 1989)
The first criteria require that the value of the variable abruptly change as an
individual transition from one gait to another. The second criteria states that the value
will return to a value previously observed at lower levels of the previous gait (i.e., at
slower walking speeds for WRT or higher speeds for RWT). This suggests that the value
will increase in value as the walking speed increases for the WRT (Table 4). The αdorsi-peak
(Fig. 5A), the θhip-peak (Fig. 5B) and ωdorsi-peak (Fig. 5C) all increased in value from the
initial walking speed (W-Initial) to the last walking speed before transition (W-100),
though not all did so significantly. For the αdorsi-peak, only the gravitational forces at 0.85
BW (p =.014) and gravitational and inertial forces at 1.15 BM and BW (p =.014) had
large increases in value. The θhip-peak (Fig.5) greatly increased in value in all gravitational
and inertial conditions (p =.004 - .001) as the walking speed increased. The ωdorsi-peak
greatly increased in all conditions (p =.029 - .002) except for the control (p =.061) and
the gravitational force at 0.70 BW (p=.164) After the transition from walking to running
(Table 4), both the αdorsi-peak (p <.001) and the θhip-peak (p <.002-.001) did abruptly
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decrease in all the gravitational and inertial conditions, meeting requirements for the first
two criteria. For the ωdorsi-peak, only the control condition abruptly changed (p = .043), but
did so by increasing in value. In all the other conditions of that variable, the value did not
change after the transition, meeting neither the first or second criteria.
The third criteria requires that there is a critical value at the final walking speed
(for WRT) or final running speed (for RWT) before gait transition occurs and that this
critical value is similar across all different conditions as indicated by a negligible effect
size (ES < .10; Table 6). For the WRT, both αdorsi-peak (ES = .61) and ωdorsi-peak (ES =
.036) had a ‘negligible’ effect size, meeting the fourth criteria for gait transitions. The
θhip-peak had a ‘small’ effect size (ES = .174), which did not match the requirements for
this criterion. Thus, only αdorsi-peak cleanly matched all four criteria to be a determinate for
the WRT. However, while the θhip-peak did not meet all four criteria, it was very close in
doing so. The ωdorsi-peak did not meet the requirements for being a determinate for the
WRT.
In accordance with the first and second criteria for gait transition determinant, the
value of the variables for the RWT will decrease in value as the running speed decreases,
then abruptly jump up in value after the transition to a walk (Table 5). The αdorsi-peak (p
=.015 - .001; Fig. 6A) and the θhip-peak (p =.012 - .001; Fig. 6B) all decreased in value
from the initial running speed (R-Initial) to the last running speed before transition (R100) in all gravitational and inertial conditions. The ωdorsi-peak did not decrease in any
conditions (p >.05; Fig. 6C). After the transition from running to walking (Table 4), both
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the αdorsi-peak (p <.001) and the θhip-peak (p <.002-.001) did abruptly increase in all the
gravitational and inertial conditions, meeting requirements for the first two criteria. The
ωdorsi-peak did not abruptly change in any of the conditions, meeting neither the first or
second criteria.
In accordance with the third criteria for gait transition determinant, all the
variables, αdorsi-peak (ES = .086), θhip-peak (ES =.011) ωdorsi-peak (ES = .015) had a
‘negligible’ effect size (Table 6), meeting the fourth criteria for gait transitions. Thus,
only αdorsi-peak and θhip-peak cleanly matched all four criteria to be a determinate for the
RWT, as the ωdorsi-peak did not meet the first two criteria.
The primary purpose of this study was to evaluate the effect of gravitational and
inertial forces on human preferred transitions speeds. Our findings revealed that PTS for
the WRT occurs at progressively lower speeds as the gravitational force decreases while
maintaining a Fr of ~0.5. Similarly, but not statistically significant, at lower gravitational
forces, the PTS for the RWT also occurred at slower speeds though still maintaining a Fr
of ~0.5. In contrast, with increased inertial force, the PTS did not change for either the
WRT or RWT. However, the Fr increased from ~0.4 up to 0.55 across the range in
inertial forces. Increasing both the gravitational and inertial forces did not change the
PTS and or the associated Fr for either transition type.
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DISSCUSSION
The primary purpose of this study was to evaluate the effect of gravitational and
inertial forces on human preferred transitions speeds. Our findings revealed that PTS for
the WRT occurs at progressively lower speeds as the gravitational force decreases while
maintaining a Fr of ~0.5. Similarly, but not statistically significant, at lower gravitational
forces, the PTS for the RWT also occurred at slower speeds while maintaining a Fr of
~0.5. In contrast, with increased inertial force, the PTS did not change for either the WRT
or RWT. However, the Fr increased from ~0.4 up to 0.55 across the range of inertial
forces. Increasing gravitational and inertial forces equally and simultaneously did not
change the PTS and or the associated Fr for either transition type.
Reduced Gravitational Force and PTS
Changes in PTS due to reduced gravitational force were observed in the WRT, but
not the RWT in this present study, only partly supporting our first hypothesis. When
performing WRT with a 30% reduction in BW, the PTS decreased ~7% compared to the
control PTS. This decrease is consistent with several studies showing that gravitational
force directly influences what speed an individual will transition between gaits (Carr &
McGee, 2009; Ivanenko et al., 2011; Kram et al., 1997; Witt et al., 2014). Kram et al.
(1997) reported a decrease of ~17% of the WRT with a 40% reduction in BW, while
Ivanenko et al. (2011) reported at a similar decrease of ~12% at an identical reduction of
40% BW. The concept of Dynamic similarity suggests animals of vastly different sizes
including humans walk with a inverted pendulum style of gait, whereby gravitational
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force acts as the centripetal force need to maintain arc-like pattern of center of mass
motion. In accordance with the dynamic similarity hypothesis, gravitational force (Fg
=m*g, where m is mass and g is the acceleration of gravity) must be equal to or greater
than the required centripetal inertial force (Fc =m*v2/ l, where v is velocity and l is leg
length) in order to maintain the characteristic inverted-pendulum CoM motion of
walking. If the centripetal force exceeds the gravitational force, the body will no longer
be able to maintain the trajectory and will leave the ground (i.e. transition to running).
Thus, for the reduced gravitational force portion of the study, our results support the
dynamic similarly hypothesis which suggests that as gravitational force is reduced, the
maximum possible walking speed decreases.
The Froude number (Fr = v2/g*l) describes the relationship between centripetal
inertial force and the gravitational force (Alexander, 1989). Based on this equation,
animals, including humans, should theoretically transition to a run or a walk at Fr = 1.0;
where centripetal inertial force is equal to gravitation force. However, prior research
shows that humans generally prefer to transition at Fr = ~0.5, except at extreme levels of
reduced gravity (Ivanenko et al., 2011; Kram et al., 1997; Witt et al., 2014). The present
study had a ~20% increase in the WRT Fr (Range: 0.44 - 0.54, mean = 0.5±.08) across
the 30% decrease in BW. Similarly, Kram et al. (1997) reported a ~17% increase in Fr
(Fr = 0.45 - 0.53) with a 40% reduction in BW. In contrast, Ivanenko et al. (2011)
reported a ~40% increase in Fr (Fr = ~0.5 - ~0.7) with a similar reduction of body
weight. These different Fr observed by Ivanenko et al. (2011) as compared to our study
may be related to differences in methods. For example, Ivanenko et al. (2011) increase or

19

decrease of the treadmill speed in different increments depending on the condition. The
present study kept a consistent speed increase/decrease regardless of condition. When
determining PTS, large changes in speed may decrease the accuracy of determining PTS
as person’s true PTS may be between two speeds. Because PTS is used in the calculation
of Fr, any inaccuracy in the PTS will be also be reflected in Fr. Despite the differences in
methodologies and the substantial increase in Fr reported by Ivanenko et al. (2011), they
still reported that the transition occurred at an Fr = ~0.5 across the range of conditions
tested; a value similar to that observed in our study.
Based on the results of prior studies investigating the relation of gravitational and
inertial forces in gait transition, we hypothesized that both the walk to run and run to
walk PTS would decrease with as gravitation force decreased (Ivanenko et al., 2011;
Kram et al., 1997; Witt et al., 2014). While we did observe a similar decrease in the PTS
of the WRT, as seen in prior studies, we did not observe any significant decrease in the
RWT with lower levels of gravitational force. Instead, RWT only decreased ~3.0 across
the 30% reduction in gravitational force used in this study. It is possible that if we
investigated a broader range of gravitational forces that we may have observed a greater
decrease in RWT speed, as observed in prior studies. For example, Ivanenko et al. (2011)
reported a reduction of 93% of gravitational force decreased PTS for RWT by ~57% with
the most significant changes in PTS occurring between the lowest levels of gravitational
force. In the same study, a ~40% reduction in gravitational force reduced RWT by only
~14% (2011).
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In contrast to hypothesis of dynamic similarity, which states that geometrically
similar bodies that rely on pendulum-like mechanics of movement have similar gait
dynamics at the same Fr, our results showed a significant increase in the Fr of the RWT
as gravitational forces decreased. Specifically, with 30% reduction in gravitational forces,
while the RWT speed decreased by less than ~10%, the Fr increased by 24%. These
results suggest that factors other than dynamic similarly may be triggering run to walk
gait transition, at least across the range of GF tested in the present study.
Increased Inertial Force and PTS
According to the dynamic similarity hypothesis of gait, humans should transition
from the inverted pendulum mechanics of walking to running when the centripetal
inertial force needed to keep the body on the ground exceeds the gravitational force
(typically equal to body weight). Thus, if this relationship between Fc and Fg were to be
constant across conditions, adding body mass without adding bodyweight should
decrease PTS. However, increased inertial force (body mass) did not significantly affect
PTS for either the WRT or the RWT but instead increased the PTS Fr. When body mass
increased up to 130% BM, the WRT and RWT Fr increased 18% and 24% from the
control condition, respectively. These results suggest that other factors may contribute to
gait transition in addition to or as an alternative to the disruption of inverted pendulum
mechanics.
Although the shift to a different gait in both the WRT and RWT still occurred
near a Fr = ~0.5, changes in Fr in response to varying conditions is not without
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precedent. When gravitation force is drastically reduced to less than 40% of earth's
gravity, the Fr of the PTS significantly increases (Ivanenko et al., 2011; Kram et al.,
1997; Witt et al., 2014). One explanation suggested by Kram et al. (Kram et al., 1997) is
that at when low levels of gravity applied to the CoM via devices such as the reduced
gravity simulator used in the present study, the limbs of the body still experience normal
gravity and may be interfering with normal inverted pendulum walking mechanics.
Increased Gravitational and Inertial Force and PTS
When both gravitational and inertial forces are increased simultaneously, PTS
does not change in either the WRT or RWT (<3% change). In contrast to our results,
Hreljac (1993b) and Raynor et al. (2002) observed a significant decrease of ~4-5% in the
WRT and RWT across a similar range of loading (0-30% BW). Interestingly, Raynor et
al. (2002) also observed that the RWT occurred at slower speeds in each loaded condition
as compared to the WRT speed. In the present study, we did not observe any significant
difference in PTS between WRT and RWT for any of the loaded (+GF+IF) conditions.
However, it should be noted that the changes observed in these prior studies, while
statistically significant, were minimal (<5%) (Hreljac, 1993b; Raynor et al., 2002). The
methods our study used to determine the PTS may help to explain the difference in
findings between the studies.
In the present study, PTS was determined through a series of incremental (0.09
m/s) increases (WRT) or decreased (RWT) in speed every 30 seconds, and each trial
lasted ~4 minutes. Although Raynor et al. (2002) used a similar method, the time spent at
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each speed was 1 minute, and the entire trial lasts ~13 minutes. The difference in time
spent at each speed and the total duration of each trial could have influenced the
determination of PTS. In contrast, Hreljac (1993b) used a different method in
determining the PTS. Both the WRT and RWT were collected, then averaged together to
get an overall PTS. Raynor et al. (2002) and Hreljac (1993b) both collected data for three
loading conditions, while the present study collected seven loading and unloading
conditions. Despite giving time to the participants to rest, there still may have been an
increase in fatigue that influenced our results.
PTS and the Froude number
In this study, we aimed to test the dynamic similarity hypothesis of gait by
independently altering the inertial force and gravitational force experienced by the body.
According to dynamic similarity and evidence that humans transition at Fr = ~0.5, we
expected PTS to decrease with lower gravitational force and increased inertial force
separately, but not to change with proportionally increased gravitational and inertial
forces. In support of the dynamic similarity hypothesis, PTS did decrease with both
reduced gravitational force and increased inertial force, and with Fr at ~ 0.50. However,
when the inertial force increased by 30%, the Fr increased to ~0.54, but the PTS did not
change for the WRT or RWT. There is no clear explanation for why PTS occurred at this
higher Fr with increased inertial force. Moreover, when both gravitational and inertial
forces were increased together up to 130% BM/BW, PTS tended to decrease and at a
lower Fr = ~0.41. These results and those of prior research suggest that factors other than
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dynamic similarly such as kinematic, kinetic, or even energetic factors may also
influence/trigger gait transition (Hreljac, 1995; Raynor et al., 2002).
The increase in the Fr at extreme lower levels of gravitational force might be
caused by the earth's gravity on the free moving limbs (1997). However, Witt et al.
(2014) report of the Fr in actual reduced gravitational environments achieved in parabolic
flights suggests that there may be something else causing the substantial increase Fr. As
individuals approach the PTS for either the WRT or the RWT, the conservation of
mechanical energy involved in walking and running becomes much less efficient (Farley
& Ferris, 1998; Sasaki & Neptune, 2006). It may be that as the gravitational force is
reduced, the body’s ability to conserve energy through the inverted pendulum movement
of walking is negatively impacted, and more mechanical work must be performed by the
muscles of the legs.
Kinematic Determinates
A secondary purpose of this study was to identify potential kinematic
"determinants" of the WRT and the RWT based on previously established criteria
(Hreljac, 1993b, 1995; Kung et al., 2018; MacLeod et al., 2014). Following these criteria,
a PTS determinant must abruptly decrease (for WRT) or increase (for RWT) in value
before and after gait transition (Criterion 1), return to a value seen at lower levels in the
previous gait (i.e., at slower walking speeds for WRT or higher speeds for RWT)
(Criterion 2), and reaches a shared critical value just prior to the PTS for all conditions
(Criterion 3). Based on these criteria, we identified αdorsi-peak as a critical determinant of

24

gait transition for both WRT and the RWT. However, our results also showed that θhip-peak
is a second key determinant of gait transition for RWT.
Across all gravitational and inertial conditions, αdorsi-peak was the only kinematic
variable that met all four criteria of a gait transition determinant for both the WRT and
RWT. In comparison, the θhip-peak met all four criteria only in the RWT, failing to
demonstrate the presence of a critical value (Criterion 3) for the WRT. The ωdorsi-peak met
the requirements for Criteria 1 but failed to decrease (in the WRT) or increase (in the
RWT) in value after the transition, not meeting Criterion 2 (Table 4-5). The findings of
the present study are partially consistent with Hreljac (1995), who reported that αdorsi-peak
is a determinant for the WRT based on the same criteria used in our study, while θhip-peak
failed to reach a critical value at the transition (Hreljac, 1995). In contrast to our results,
MacLeod et al. (2014) reported that only ωdorsi-peak met all three criteria in the WRT, and
αdorsi-peak did not reach a critical value at the transition.
The difference in results between prior research and our own study may be related
to differences in how PTS was determined (Hreljac, 1995; MacLeod et al., 2014). Both
Hreljac (1995) and MacLeod et al. (2014) used a similar approach to determine the PTS
by starting the Participants at speeds considered comfortable for walking and increased
the treadmill speed by 0.1 m/s after giving the participant 30 seconds to decide which gait
to use until a transition occurred (for the WRT). The reverse was done in determining the
RWT. The PTS was then determined by averaging the WRT and the RWT. This method
could prevent the detection of any differences in determinants of PTS between the two
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gait transition types. Our findings agree with other studies (Prilutsky & Gregor, 2001;
Segers et al., 2007) that suggest the determinants of gait transition may be different for
WRT as compared to RWT.
Despite the differences in variables reported as determinants, nearly all prior
studies including ours suggest that ankle dorsiflexion is involved in gait transitions.
Hreljac (1993a) reported that as participants walk at speeds close to or past the PTS of the
WRT, they will experience the discomfort of the dorsiflexion muscles. This may be the
result of the large burst of activity seen in dorsiflexor muscles to counteract the coactivation of the plantar flexor muscles at the beginning of the swing phase of walking
and to avoid dragging the toes (Hreljac et al., 2001; Nilsson et al., 1985; Prilutsky &
Gregor, 2001; Sasaki & Neptune, 2006). This dorsiflexor activity is lower during running
after the transition occurs (Nilsson et al., 1985; Sasaki & Neptune, 2006), which suggests
that the stress experienced by the dorsiflexor muscles reached intolerable levels as
walking speed gets closer to the WRT (Hreljac, 1993a).
In the RWT, both the αdorsi-peak and the θhip-peak met all the criteria of a gait
transition determinant. Though the ankle appears to still play a significant role in RWT, it
may be the muscles that play a more prominent role in the stance phase of running
trigger the RWT (Prilutsky & Gregor, 2001). Prilutsky et al. (2001) reported that stancerelated activation of the soleus, gastrocnemius, and vasti muscles all had lower activation
levels while walking at lower speeds compared to running at the same speeds. In contrast,
the swing-related activation of the tibialis anterior, rectus femoris and hamstrings had
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lower activation levels while running at higher speeds compared to walking at the same
speeds. Combined with literature showing that fatigue in the tibialis anterior will cause
the WRT to occur at slower speeds, but not affect the RWT (Segers et al., 2007), it may
be that the muscles in the hip that trigger the switch back to walking instead of the
muscle of the ankle.
Limitations and Future Research
The small range of gravitational and inertial forces used in our study, while
comparable to some prior studies, may have limited the ability to detect an effect of
inertial forces on the WRT and RWT. Future work should test the unique effect of inertial
forces on the PTS over a much larger range used in this study. While we were able to test
the effects of several combinations of gravitational and inertial forces on human gait
transitions, we were unable to test the effects of increased gravitational forces alone on
either the WRT or the RWT, though theoretically the PTS should increase as the
gravitational forces increase. Moreover, the apparatus used to simulate reduced gravity
conditions within the present study applies a non-uniform effect on the body. The limbs
of participants are still influenced by the acceleration of earth’s gravity, which could
influence the speed that the transition occurred for the WRT and RWT.
To best understand whether muscle fatigue related to the observed kinematic
determinants of gait transition is the underlying cause of gait transition, measurement of
muscle activation via EMG is critical. Thus, to better understand the interrelation
between muscle fatigues, joint kinematics and dynamic similarity as determinants of gait
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transition, future research should collect lower body kinematics and muscle activation
across a wide range of gravitational and inertial forces and most ideally in an actual
reduced gravity environment such as found at the international space station.
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CONCLUSION

In summary, we reconfirmed that, in reduced gravity, humans prefer to transition
from a walk to a run at slower absolute speeds, though it did not affect the run to walk
transition. However, increased inertial forces and simultaneous increased gravitational
and inertial forces did not affect the WRT or RWT speed. At all levels of gravitational
and inertial forces tested, the PTS occurred at mechanically equivalent speeds (i.e. at a Fr
of approximately 0.5). We also found that of the kinematic variables evaluated in this
study, only αdorsi-peak met the three criteria used to identify if a variable is a determinant of
PTS for both WRT and RWT while

θhip-peak met the criteria for the RWT only. Our

results suggest that while dynamic similarly plays a strong role in gait transition, other
mechanical determinant/triggers of gait transition exist and may differ between the RWT
and WRT speed.
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APPENDIX A

Figure 1. Diagram of the apparatus used in the gravity and inertia experiments. We
applied an upward force to the torso of our participants near the center of mass via a
modified rock-climbing harness. A nearly constant force was achieved by stretching
rubber tubing using a hand winch over a series of pulleys. The rolling trolley ensured that
no horizontal forces were applied. Mass was added by adding weights to a modified
weight vest. Modified diagram from Chang et al., 2000.
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Figure 2. Ideal patterns for the value of a kinematic variable important in determining the
PTS for the WRT and the RWT for different conditions. (A) Values for the WRT at
different conditions are shown to increase as walking speed increases for each condition
type, reach a critical value, then decrease as the gait is changed to a run. (B) Values for
the RWT at different conditions are shown to decrease as running speed decreases for
each condition type, reaches a critical value, then increase as the gait is changed to a
walk. Modified from Hreljac, 1995.
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Figure 3. The preferred walk to run transition speed (A, B) and the Froude number (C, D)
by the participants in normal conditions and for three different conditions: reduced
gravitational force (-GF, ○), added inertial force (+IF, ●), and added gravitational force
and inertial force (+GF+IF, ▽). Asterisk (*) represents significance for -GF, ⸸ represents
significance for -IF, and §represents significance for +GF +IF. All data points represent
the mean ± S.E.M. (N=12).
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Figure 4. The preferred run to walk transition speed (A, B) and the Froude number (C, D)
by the participants in normal conditions and for three different conditions: reduced
gravitational force (-GF, ○), added inertial force (+IF, ●), and added gravitational force
and inertial force (+GF+IF, ▽). Asterisk (*) represents significance for -GF, ⸸ represents
significance for -IF, and §represents significance for +GF +IF. All data points represent
the mean ± S.E.M. (N=12)
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Figure 5. Kinematic variables for the WRT. The variables shown are the peak angular
dorsiflexion acceleration (A), Peak hip extension (B) and peak angular dorsiflexion
velocity (C). Variables are shown in normal transitions (Control, ) and for three
different conditions: reduced gravitational force (0.85 BW, ; 0.70 BW, ◪), additional
inertial force (1.15 BM, ; 1.30 BM, ◐) and additional gravitational and inertial force
(1.15 BW, ◇; 1.30 BW, ⬗). All data points represent the mean ± S.E.M. (N=12).
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Figure 6. Kinematic variables for the RWT. The variables shown are the peak angular
dorsiflexion acceleration (A), Peak hip extension (B) and peak angular dorsiflexion
velocity (C). Variables are shown in normal transitions (Control, ) and for three
different conditions: reduced gravitational force (0.85 BW, ; 0.70 BW, ◪), additional
inertial force (1.15 BM, ; 1.30 BM, ◐) and additional gravitational and inertial force
(1.15 BW, ◇; 1.30 BW, ⬗). All data points represent the mean ± S.E.M. (N=12)
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APPENDIX B
Table 1. Summary of experimental treatments and conditions
Treatment

Conditions (% BM/
Conditions (% BM/
% BW)
% BW)
+GF+IF
115/115
130/130
+IF
115/100
130/100
-GF
100/85
100/70
+GF indicates additional gravitational forces, +IF indicates additional
inertial forces and -GF indicates reduced gravitational forces
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Table 2. General characteristics of Participants
Variable
Age (yr)
Stature (m)
Leg length (m)
Body mass (kg)

Mean ± SD
23.50 ± 2.35
1.74 ± 0.07
0.91 ± 0.04
78.18 ± 9.89
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Table 3. Walk-Run and Run-Walk Preferred Transition Speed and Froude of Humans at
Different Gravitational and Inertial Forces
Treatment

% BM/
% BW

Control

100/100

Walk-run
Transition
Speed (m/s)
1.97 ± 0.10

Walk-Run
Froude
Number
0.44 ± 0.05

Run-walk
Transition
Speed (m/s)
1.92 ± 0.15

Run-walk
Froude
Number
0.42 ± 0.06

-GF

100/85
100/70

1.92 ± 0.12
1.83 ± 0.17§

0.49 ± 0.07*
0.54 ±8 0.10*

1.89 ± 0.11
1.86 ± 0.11

0.47 ± 0.06*
0.56 ± 0.07*§

+IF

115/100
130/100

1.95 ± 0.15
1.89 ± 0.12

0.49 ± 0.08
0.52 ± 0.07*§

1.91 ± 0.09
1.89 ± 0.10

0.47 ± 0.04*
0.59 ± 0.09*§

+GF+IF

115/115
130/130

1.93 ± 0.11
1.91 ± 0.12

0.42 ± 0.05
0.41 ± 0.05

1.94 ± 0.12
1.89 ± 0.10

0.42 ± 0.05
0.40 ± 0.05

Data represent the mean ± S.E.M, N=12
With a criterion of P<0.05, asterisks denote a statistically significant difference comparted with the
control, and § denote a significant difference with the first condition for each treatment.
-GF indicates reduced gravitational forces, +IF indicates additional inertial forces, and +GF indicates
additional gravitational forces.
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Table 4 . Mean Values of Variables for All Speed Percentages at All Gravitational and
Inertial Forces for the WRT
Variable
θhip-peak
(Deg)

Treatment
Control
-GF
+IF
+GF+IF

Control
ωdorsi-peak
(Deg/s)

-GF

% BW/
% BM
100/100
100/85
100/70
115/100
130/100
115/115
130/130

Initial

W-90%

W-95%

W-100%

R-105%

37.0 ± 2.9
35.5 ± 2.5
35.2 ± 3.8
36.2 ± 3.3
36.9 ± 3.8
37.8 ± 3.7
38.6 ± 3.4

44.3 ± 4.4*
40.5 ± 3.8*
38.1 ± 4.5*
42.4 ± 5.9*
41.6 ± 5.4*
43.4 ± 5.3*
44.2 ± 4.8*

45.5 ± 3.8*
42.5 ± 4.6*
39.7 ± 4.4*
43.4 ± 6.1*
42.3 ± 4.4*
44.6 ± 5.6*
46.1 ± 4.8*

46.8 ± 4.3*
43.1 ± 4.6*
40.8 ± 4.5*
44.4 ± 5.2*
43.9 ± 4.6*
45.9 ± 4.5*
46.7 ± 4.3*

33.9 ± 2.7§
33.3 ± 3.9§
34.3 ± 5.6§
35.4 ± 4.9§
37.9 ± 4.6§
35.1 ± 4.1§
37.8 ± 4.4§

100/100

143.4 ±
30.5
156.0 ±
34.3
164.4 ±
40.1
154.0 ±
28.9
162.6 ±
29.6
144.3 ±
30.7
156.2 ±
32.1

177.9 ±
32.4*
179.6 ±
40.0
180.6 ±
46.4
183.6 ±
43.4
183.6 ±
38.4
175.0 ±
36.4*
181.2 ±
37.0*

175.6 ±
39.5
182.9 ±
37.0
178.4 ±
38.0
188.8 ±
41.7*
188.1 ±
36.7
183.7 ±
34.3*
184.8 ±
37.0

175.0 ±
44.1
194.6 ±
39.5*
188.7 ±
41.3
197.5 ±
40.8*
197.8 ±
36.0*
191.0 ±
35.6*
191.9 ±
35.7*

4856 ±
822
4940 ±
859
4716 ±
997
5093
±783
5102 ±
794
5134 ±
776
5361
±815

5728 ±
775*

5496 ±
1081

5520 ± 872

5506 ± 786

5229 ± 952

5186 ± 762

5681 ± 904

5678 ± 836

5589 ± 949
5820 ±
869*

5597 ± 809
5882 ±
740*

6017 ± 876

5961 ± 788

5486.9 ±
1083
5669.9 ±
805*
5310.5 ±
744
5667.5 ±
722
5645.5 ±
758
5946.3 ±
819*
5875.1 ±
739

100/85
100/70

+IF

115/100
130/100

+GF+IF

115/115
130/130

αdorsi-peak
(Deg/s2)

Control

100/100

-GF

100/85
100/70

+IF

115/100
130/100

+GF+IF

115/115
130/130

213.8 ± 52.2§
196.4 ± 43.6
199.2 ± 45.1
190.9 ± 36.4
200.6 ± 48.5
193.4 ± 35.6
197.3 ± 35.5
4093.0 ±
760.0§
3779.4 ±
654.0§
3804.2 ±
626.1§
3850.0 ±
738.1§
4016.7 ±
984.5§
3837.0 ±
705.6§
4200.4 ±
929.4§

All data points represent the mean ± S.E.M. (N=12)
Asterisk (*) represents significant difference between mean value at particular speed versus initial
walking speed of the given condition.
§ represents significant difference between mean value at running speed immediately after gait transition
versus last walking speed (PTS)
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Table 5. Mean Values of Variables for All Speed Percentages at All Gravitational and
Inertial Forces for the RWT
Variable
θhip-peak
(Deg)

Treatment

% BW/
% BM
100/100
100/85
100/70
115/100
130/100
115/115
130/130

Initial

W-90%

W-95%

W-100%

R-105%

41.8 ± 5.3
43.5 ± 3.8
45.8 ± 5.6
42.8 ± 4.2
46.2 ± 5.0
42.5 ± 4.0
44.8 ± 5.2

37.8 ± 4.9
38.1 ± 4.6*
39.3 ± 5.3*
40.2 ± 5.0
42.2 ± 5.7
39.5 ± 4.9
40.4 ± 4.8*

36.5 ± 5.0*
37.3 ± 4.6*
38.3 ± 5.6*
39.0 ± 4.6*
41.4 ± 5.4*
38.4 ± 5.2*
40.1 ± 5.0*

36.0 ± 5.2*
36.3 ± 4.9*
37.3 ± 5.0*
37.9 ± 4.7*
40.7 ± 6.0*
37.1 ± 4.9*
39.1 ± 5.3*

46.3 ± 4.4§
44.4 ± 3.8§
43.2 ± 4.5§
45.9 ± 4.3§
45.8 ± 4.4§
47.6 ± 4.5§
47.9 ± 4.2§

Control

100/100

-GF

100/85

204.2 ±
38.7
191.0 ±
30.6
190.4 ±
32.3
185.1 ±
25.1
185.8 ±
23.0
189.5 ±
23.3
191.2 ±
26.0

181.2 ±
22.0
183.8 ±
28.8
180.9 ±
25.0
182.3 ±
27.1
183.5 ±
27.0
180.0 ±
21.3
183.5 ±
26.7

189.2 ±
24.2
186.6 ±
31.5
183.8 ±
28.1
182.9 ±
27.5
183.2 ±
25.1
177.3 ±
21.6
184.5 ±
30.0

188.5 ±
35.0
186.6 ±
25.5
186.2 ±
32.9
180.4 ±
24.3
185.6 ±
30.6
180.6 ±
26.2
182.2 ±
31.5

188.8 ±
46.6
190.3 ±
43.8
197.9 ±
35.8
198.6 ±
47.6
205.3 ±
42.2
193.1 ±
43.6
191.8 ±
47.5

4269 ±
809*
4126 ±
692*
4117 ±
837*
4064 ±
863*
4225 ±
1026*
4107 ±
910*
4232 ±
1101*

4050 ±
853*
3997 ±
677*
3962 ±
755*
3881 ±
848*
4090 ±
980*
3930 ±
851*
4120 ±
1108*

3969 ±
875*
3885 ±
658*
3761 ±
934*
3750 ±
879*
4015 ±
1134*
3830 ±
878*
4051 ±
1231*

5721 ±
954§
5451 ±
881§
5437 ±
801§
5743 ±
868§
5679 ±
735§
5818 ±
719§
5816 ±
780§

Control
-GF
+IF
+GF+IF

ωdorsi-peak
(Deg/s)

100/70
+IF

115/100
130/100

+GF+IF

115/115
130/130

Control
αdorsi-peak
(Deg/s2)

100/100
5477 ± 710

-GF

100/85
5272 ± 599
100/70
5499 ± 592

+IF

115/100
130/100

+GF+IF

5026 ± 771
5069 ±
1023

115/115
130/130

5126 ± 927
5266 ±
1122

All data points represent the mean ± S.E.M. (N=12)
Asterisk (*) represents significant difference between mean value at particular speed versus initial
walking speed of the given condition.
§ represents significant difference between mean value at walking speed immediately after gait transition
versus last running speed (PTS)
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Table 6. Effect Size of Difference Between Conditions at the PTS
Variable

WRT

RWT

θhip-peak (Deg)

0.174 (small)

0.086 (negligible)

ωdorsi-peak (Deg/s)

0.036 (negligible)

0.011 (negligible)

αdorsi-peak (Deg/s2)

0.061 (negligible)

0.015 (negligible)

